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PERFORMANCE EVALUATION OF AN
IRREVERSIBLE REGENERATIVE MODIFIED
BRAYTON HEAT ENGINE BASED ON THE
THERMOECONOMIC CRITERION
S. Kumar Tyagi∗,∗∗ and J. Chen∗∗
Abstract
The irreversible cycle model of a modified regenerative Brayton heat
engine has been established for the finite heat capacities of external
reservoirs. The external irreversibility is due to finite temperature
differences between the heat engine and the external reservoirs, and
the internal irreversibilities are due to the nonisentropic compression
and expansion processes in the compressor and turbine, respectively,
and the regenerative heat loss. The thermoeconomic function,
which is defined as the power output divided by the total cost
plus the running and maintenance costs of the system, has been
optimized with respect to the cycle temperatures, and the optimum
performance parameters are calculated for a typical set of operating
conditions. The authors find that the effect of compressor efficiency
is more than that of the turbine efficiency on all the performance
parameters. They also find that the effect of isothermal side heat
capacitance rate is more pronounced than that of all the other
parameters on the performance of the cycle. There is seen to be
an optimal relation between the various heat capacitance rates in
different reservoirs and within the heat engine for which the cycle
attains the optimum performance.
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Nomenclature
A=Area (m2)
C=Heat capacitance rates (kW/K)
C=Cost (ncu/year)
k=Specific heat ratio
m=Mass flow rate (kg/s)
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M=Mach number
N=Number of heat transfer units
P=Power output (kW)
p=Pressure (kPa)




U=Overall heat transfer coefficient (kW/m2/K)
V=Velocity (m/s)
Vs=Velocity of sound (m/s)





















Thermal efficiency is an important performance character-
istic of a Brayton cycle and, in practice, has a major impact
on the operating cost. It is well known that reheating in gas
turbine engines limits the extent to which an isothermal
heat addition is approached. With respect to simple heat
addition, when a compressible fluid with subsonic velocity
flows through a frictionless constant area duct with heat
addition, the temperature of the fluid increases along the
duct. Also with respect to simple area change, when a
compressible fluid with subsonic velocity flows through a
frictionless adiabatic duct with decreasing area, the tem-
perature of the fluid decreases along the duct. Based on the
nature of these two flows, simple heat addition (Rayleigh
flow) and simple area change (isentropic flow) may be com-
bined in such a way as to yield an isothermal heat addition
process [1]. The idealized isothermal process consists of a
compressible fluid with subsonic velocity flowing through a
frictionless converging duct such that, although heated all
along the duct, any infinitesimal decrease in temperature
due to simple area change is exactly compensated by the
simple heat addition. We note that, as temperature of the
fluid is constant during the isothermal heat addition, the
kinetic energy of the fluid (and hence, the Mach number)
must increase in order to satisfy the conservation of energy.
The appropriate application of the idealized isothermal
process is to gas turbine engine operating with air. It is
equally desirable that the Brayton cycle be modified by
the isothermal heat addition.
Vecchiarelli et al. [1] indicated that the hypothetical
modification of a gas turbine engine including two heat
additions (rather than one) may result in some efficiency
improvement as compared with conventional engines. In
recent years Goektun and Yavuz [2], Kaushik et al. [3],
Tyagi [4], Tyagi et al. [5], Erbay et al. [6], and Kaushik et
al. [7] studied the irreversible regenerative modified Bray-
ton heat engine using the concept of finite time thermody-
namics, and showed that there is a significant improvement
in the thermal efficiency with two heat sources (above 15%)
as compared with conventional Brayton heat engine. In
this article we will present a more general thermoeconomic
analysis of an irreversible regenerative modified Brayton
heat engine with nonisentropic compression and expansion
processes for finite heat capacity of external reservoirs,
following earlier workers [8–15].
2. System Description
The T–S diagram of a closed cycle regenerative Brayton
heat engine with isothermal heat addition is shown in
Fig. 1. The basic components of this cycle are the com-
pressor, regenerator, regular combustion chamber (RCC),
converging combustion chamber (CCC), turbine, and low-
temperature heat exchanger (LTHEX). The gas enters the
compressor at state point 1 and is compressed up to state
point 2 (nonisentropically) or up to state point 2S (isen-
tropically). At state point 2, the cold gas leaving the
compressor enters the regenerator, where it is heated up
to state point 2R by the turbine exhaust. In a real or
an ideal regenerator, the gas will leave the regenerator at
a temperature less than or equal to that of the turbine
exhaust (state point 5), that is, T2R<=T5. The isobaric
heat addition process takes place between 2R–3 in an RCC
from a heat source of finite heat capacity whose temper-
ature varies from TH1 to TH2. Further heat addition is
accomplished in a CCC isothermally during process 3–4,
from a heat source of finite heat capacity whose temper-
ature varies from TH3 to TH4. When the gas leaves the
CCC at state point 4 it has lower pressure than that of
at state point 3, but the velocity and hence the kinetic
energy of the gas have increased enormously due to the
nature of a CCC. The gas enters the turbine at state point
4, and expands nonisentropically up to state point 5 (ide-
ally up to state point 5S). The hot gas leaves the turbine
at state point 5, enters the regenerator where it is cooled
up to state point 5R at a constant pressure, by supplying
the heat to the compressor outlet, and finally enters the
low-temperature heat exchanger at state point 5R and is
cooled up to state point 1 by rejecting the heat to the low-
temperature heat exchanger of finite heat capacity whose
temperature varied from TL1 to TL2, thereby completing
the cycle. Thus, we have considered here the theoreti-
cal model of an irreversible regenerative modified Brayton
cycle 1–2–2R–3–4–5–5R–1 with real processes.
Figure 1. T–S diagram of an irreversible modified regener-
ative Brayton cycle.
3. Thermodynamic Analysis
Let QH and QL be the heat transfer rates to and from the
heat engine respectively, and QR be the regenerative heat
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transfer rate; then:
QH = Q2R−3 +Q3−4 (1)
QL = Q5R−1 (2)
QR = Q2−2R = Q5−5R (3)
where:
Q2R−3 = CW(T3 − T2R) = CH(TH1 − TH2)




= CH1(TH3 − TH4)
= UH1AH1(LMTD)H1 = CH1εH1(TH3 − T3) (5)
Q5R−1 = CW(T5R − T1) = CL(TL2 − TL1)
= ULAL(LMTD)L = CLεL(T5R − TL1) (6)
QR = CW(T5 − T5R) = CW(T2R − T2)
= URAR(LMTD)R = CWεR(T5 − T2) (7)
where CH, CH1, CL, and CW are the heat capacitance rates
in the external fluids on RCC, CCC, cold side reservoirs,
and the working fluid respectively. UHAH, UH1AH1, ULAL,
and URAR are the overall heat transfer coefficient-area
products between the external reservoirs and RCC, CCC,
low temperature heat exchanger, and the regenerator re-
spectively. V3 and V4 are the velocities of the working
fluid at state points 3 and 4 respectively, and m is the
mass flow rate of the working fluid. ε’s are the effective-
ness of the various heat exchangers, and (LMTD)’s are
the log mean temperature differences between the external




























(TH1 − T2)− (TH2 − T2R)
ln [(TH1 − T2)/(TH2 − T2R)]
(12a)
(LMTD)H1 =
(TH3 − T3)− (TH4 − T3)
ln [(TH3 − T3)/(TH4 − T3)]
(12b)
(LMTD)L =
(T5R − TL2)− (T1 − TL1)
ln [(T5R − TL2)/(T1 − TL1)]
(12c)
(LMTD)R =
(T5 − T2R)− (T5R − T2)
ln [(T5 − T2R)/(T5R − T2)]
(12d)
where NH, NH1, NL, and NR are the number of heat trans-
fer units, based on the minimum thermal capacitance rates:
NH=UHAH/CH, NH1=UH1AH1/CH1, NL=ULAL/CL,
and NR=URAR/CW. The various minimum and maxi-
mum heat capacitance rates are defined as:
CH,min = min of (CH,CW) and
CH,max = max of (CH,CW) (13)
CL,min = min of (CL,CW) and
CL,max = max of (CL,CW) (14)
The isothermal heat addition during process 3–4 can








where k is the specific heat ratio, R0 is the universal gas




and Vs = (kR0T)
1/2
where V is the velocity of the working fluid and Vs is the














Now from (4)–(7) and (16)–(18) we get:
T5R = (1− εR)T5 + εRT2 (19a)
T2R = (1− εR)T2 + εRT5 (19b)
T1 = (1− y)T5R + yTL1 (19c)
T3 = (1− x)T2R + xTH1 (19d)
T2S = (1− ηc)T1 + ηcT2 (19e)
T5S = (1− η−1T )T4 + η
−1
T T5
⇒ T5S = (1− η−1T )T3 + η
−1
T T5 (19f)
where x=CHεH/CW, x1=CH1εH1/CW and y=CLεL/CW,














where RT is the cycle temperature ratio, rt (=p4/p3< 1) is
the isothermal pressure drop ratio, rp (=p2/p1> 1) is the










⇒ T2ST5S = α−1T4T1 = α−1T3T1
(21)
where α=(rt)
(k− 1)/k. Substituting the values of T1, T2S,
T3, and T5S from (19a–f) in (21), we get a quadratic
equation in T2 as:
AT22 +BT2 +C = 0 (22)







where different parameters are given as below:
A = a1b3 − αa2a4, B = a5T5 + a6,
C = b6T
2
5 + b7T5 + c5
a1 = ηC + (1− ηC)(1− y)εR,
a2 = (1− x)(1− εR)(1− ηc),
a3 = (1− η−1T )(1− x)(1− εR),
a4 = (1− y)εR,
b1 = (1− ηC)(1− y)(1− εR),
b2 = (1− x)εR,
b3 = η
−1
T + (1− η
−1
T )(1− x)εR,
b4 = (1− x)(1− εR),
c1 = (1− ηC)yTL1,
c2 = xTH1,
c3 = (1− η−1t )xTH1,
c4 = yTL1,
a5 = a1b3 + a3b1 − α(a2b4 + a4b2),
a6 = a1c3 + a3c1 − α(a2c4 + a4c2),
b5 = b1b3 − αb2b4,
b6 = b1c3 + b3c1 − α(b2c4 + b4c2), and
c5 = a3b3 − αxyTH1TL1.
From the first law of thermodynamics, we have:
P = QH −QL = CHεH(TH1 − T2R)
+ CH1εH1(TH3 − T3)− CLεL(T5R − TL1) (24)
Using (1) and (24), we get:
P = c6 − a7T2 − b7T5 (25)
QH = c7 − a8T2 − b8T5 (26)
where the different parameters are as given below:
a7 = CW[x(1− εR) + x1(1− εR)(1− x) + yεR],
b7 = CW[x1(1− εR)(1− x) + xεR + y(1− εR)],
c6 = CW[xTH1 + x1TH3 + yTL1],
c7 = CW[x(1− x1)TH1 + x1TH3],
a8 = CW[x1(1− x) + x](1− εR), and
b8 = CW[x1(1− x) + x]εR.
The objective function of thermoeconomic optimiza-






where Ci, Ce, and Cm refer to annual investment, energy
consumption, and maintenance costs respectively. The
investment cost was considered as the costs of the main
system components that are the heat exchangers and the
compression and expansion devices together. The invest-
ment cost of the heat exchangers is assumed to be pro-
portional to the total heat transfer area [9, 10]. On the
other hand, the investment cost due to the compression
and expansion devices is assumed to be proportional to
their compression/expansion capacities. Thus, the total
annual investment cost of the system can be given by:
Ci = aa(AH +AH1 +AL +AR) + apP
= aa(AH +AH1 +AL +AR) + ap(QH −QL) (28a)
where the proportionality constant for the investment cost
of the heat exchanger, aa, is equal to the capital recovery
factor times investment cost per unit heat exchanger area,
and the proportionality constant for the investment cost
for the compression and expansion devices, ap, is equal to
the capital recovery factor times investment cost per unit
power output. The initial investment cost is converted to
equivalent yearly payment using capital recovery factor [9,
10]. The annual energy consumption cost [9, 10] and the
maintenance costs [8, 15] are proportional to the energy
input and power output respectively, as given below:
Ce = aqQH (28b)
Cm = bpP = bp(QH −QL) (28c)
where the coefficient, aq, is equal to the equivalent annual
operation hours corresponding to energy input times price
per unit energy [9, 10] and the coefficient, bp, is equal
to the equivalent annual operation hours per unit power
output. Substituting (28a–c) into (27), we have:
F =
P
aa(AH +AH1 +AL +AR + b(QH −QL) + aqQH
(29)
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where b=ap+bp. Thus, from (25), (26), and (29), we
have:
bF =
c6 − a7T2 − b7T5
k1k3 + (c6 − a7T2 − b7T5) + k2(c7 − a8T2 − b8T5)
=
c6 − a7T2 − b7T5
(c9 − a9T1 − b9T5)
(30)









a9 = (a7 + k3a8),
b9 = (b7 + k3b8),
c8 = (c6 + k2c7),
c9 = (k1k3 + c8), and
k3 = (AH +AH1 +AL +AR)
where the expressions for the area of different heat ex-































It can be seen from (30) that bF is a function of
single variables T5 (as T2 is also function of T5, and
other parameters are constant for a typical set of operating
conditions). Thus optimizing (30) with respect to “T5”,




= (c11 +T2) (31)
where a10=(a7c9− a9c6), b10=(b7a9−b9a7), c10=
(b9c6−b7c9), a11=a10/b10, and c11=c10/b10.















6− 4Ac5− a214/a212, a12=(2Ac11+
a5a11− a6), a13= [a11(a25− 4Ab5)− (a5a6− 2Ab6)], and
a14= [(a5a6− 2Ab6)a11− (a26− 4Ac5)].
The optimal heat transfer rates to and from the heat
engine, power output, and the corresponding thermal effi-
ciency are given as below:
QH,opt = c7 − a8T2,opt − b8T5,opt (33)
QL,opt = CLεL(T5R,opt − TL1) (34)







From (23) and (32) it can be seen that there are two
values of each parameter for a typical set of operating
conditions. We found that only plus sign is valid for our
model. Again, we solved these equations numerically for
obtaining the optimum operating parameters for different
set operating conditions.
4. Results and Discussion
In order to have a numerical appreciation of the results
on thermoeconomic optimization of an irreversible re-
generative modified Brayton heat engine, we continue to
investigate the effects of the heat source temperatures
(TH1 and TH3), the turbine and compressor efficiencies
(ηT and ηC), the effectiveness of the heat exchangers (εH,
εH1, εL, and εR), the economic parameters (k1 and k2),
and the heat capacitance rates (CH, CH1, CL, and CW).
The effect of each one of these parameters is examined,
while the rest of the parameters are kept constant as
(εH= εH1= εL= εR=0.75, TH1=1000K, TH3=1250K,
TL1=300K, k1=0.50, k2=0.10, CH=CH1=CL=
1.0 kW/K, CW=1.05 kW/K, M3=0.3, M4=0.5, ηT=
ηC=0.80, and UH=UL=UR=2.0 kW/Km
2). We ob-
tained the results outlined below.
4.1 Effect of Component Efficiencies
Tables 1 and 2 show the effects of turbine and compres-
sor efficiencies on the different state point temperatures,
various heat transfer rates, maximum objective function,
power output, and thermal efficiency of an irreversible
regenerative modified Brayton heat engine.
Effect of ηT: Table 1 shows that as the turbine
efficiency (ηT) increases, the state point temperatures (T1,
T2, and T5R), heat transfer rates to and from the heat
engine (QH and QL), maximum objective function, power
output, and thermal efficiency increase while the state
point temperatures (T2R, T3, and T5) and the regenerative
heat transfer rate (QR) decrease. The effect of turbine
efficiency is more pronounced for the regenerative heat
transfer rate and less pronounced for the isobaric side
outlet temperature (T3).
Effect of ηC: We can see from Table 2 that as the
compressor efficiency (ηC) increases, the state point tem-
peratures (T1, T2R, T3, T5, and T5R) and the heat transfer
rates (QL and QR) decrease while the state point tem-
perature (T2), the heat transfer rate to the heat engine
(QH), maximum objective function, power output, and
thermal efficiency increase. The effect of the compressor
efficiency is more pronounced for the power output and less
pronounced for the compressor inlet temperature (T1).
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Table 1
Effect of Turbine Efficiency on Different Parameters at Maximum Objective Function
ηT T1K T2K T2RK T3K T5K T5RK QH kW QLW QR kW bFmax P kW ηth %
0.70 397.67 542.77 840.01 954.29 939.09 641.85 341.78 256.39 312.10 0.608 85.39 24.98
0.80 402.70 580.01 818.32 948.09 897.75 659.45 362.69 269.58 250.22 0.621 93.11 25.67
0.90 406.64 612.54 794.66 941.33 855.37 673.25 385.51 279.94 191.22 0.643 105.60 27.38
1.00 409.67 641.02 769.53 934.15 812.36 683.86 409.74 287.89 134.93 0.669 121.80 29.74
Table 2
Effect of Compressor Efficiency on Different Parameters at Maximum Objective Function
ηC T1K T2K T2RK T3K T5K T5RK QH kW QLW QR kW bFmax PkW ηth %
0.70 403.60 569.55 848.67 956.76 941.70 662.59 333.43 271.94 293.07 0.530 61.48 18.44
0.80 402.70 580.01 818.32 948.09 897.75 659.45 362.69 269.58 250.22 0.621 93.11 25.67
0.90 401.17 585.42 791.44 940.41 860.11 654.09 388.61 265.57 216.32 0.677 123.00 31.66
1.00 399.31 587.64 767.48 933.57 827.43 647.59 411.71 260.69 188.83 0.714 151.00 36.68
Table 3
Effect of Heat Source Inlet Temperature (TH1) on Different Parameters at Maximum Objective Function
TH1K T1K T2K T2RK T3K T5K T5RK QH kW QLW QR kW bFmax P kW ηth %
900 388.78 533.29 765.64 861.61 843.09 610.74 392.06 233.06 243.96 0.731 159.00 40.56
950 395.76 556.67 792.12 904.89 870.60 635.15 377.24 251.37 247.22 0.686 125.90 33.37
1000 402.70 580.01 818.32 948.09 897.75 659.45 362.69 269.58 250.22 0.621 93.11 25.67
1050 409.61 603.32 844.27 991.22 924.58 683.63 348.39 287.72 253.00 0.521 60.66 17.41
Table 4
Effect of Heat Source Inlet Temperature (TH3) on Different Parameters at Maximum Objective Function
TH3K T1K T2K T2RK T3K T5K T5RK QH kW QLW QR kW bFmax PkW ηth %
1150 404.61 592.89 812.65 946.47 885.91 666.15 293.16 274.61 230.75 0.272 18.55 6.33
1200 403.61 586.15 815.56 947.30 892.02 662.62 327.86 271.97 240.87 0.512 55.89 17.05
1250 402.70 580.01 818.32 948.09 897.75 659.45 362.69 269.58 250.22 0.621 93.11 25.67
1300 401.88 574.38 820.94 948.84 903.13 656.57 397.66 267.43 258.88 0.684 130.20 32.75
1350 401.13 569.22 823.44 949.55 908.18 653.96 432.76 265.47 266.93 0.724 167.30 38.66
4.2 Effect of Source Side Inlet Temperatures
Tables 3 and 4 show the effects of inlet source temperatures
(TH1 and TH3) on the different state point temperatures,
various heat transfer rates, maximum objective function,
power output, and thermal efficiency of an irreversible
regenerative modified Brayton heat engine.
Effect of TH1: We see from Table 3 that as TH1
increases, all the state point temperatures and the heat
transfer rates (QL and QR) increase while the heat transfer
rate to the heat engine (QH), the maximum objective func-
tion, power output, and corresponding thermal efficiency
decrease. The effect of TH1 is more pronounced for the
power output and less pronounced for the compressor inlet
temperature (T1).
Effect of TH3: Table 4 shows that as the isother-
mal side heat source inlet (TH3) increases, the state
point temperatures (T2R, T3, and T5), heat transfer rates
(QH and QR), the maximum objective function, power
output, and thermal efficiency increase while state point
temperatures (T1, T2, and T5R), the heat transfer rate
from the heat engine (QL), the maximum objective func-
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tion, power output, and corresponding thermal efficiency
increase. The effect of TH3 is more pronounced for the
power output and less pronounced for the compressor inlet
temperature.
The heat addition during isobaric process increases the
quantity of energy and the heat addition during isother-
mal process increases the quality of energy (as the heat
supplied by the later increases the kinetic energy rather
than thermal energy, unlike the former source). Again, if
the inlet temperature on the isobaric side is increased, the
low-grade energy increases and the high-grade energy (due
to isothermal heat addition) decreases, which is why all
the performance parameters decrease on increasing the iso-
baric side inlet temperature. Hence, the inlet temperature
of the isobaric side heat source should be less than that
of the inlet temperature of isothermal side heat source for
better performance of an irreversible regenerative modified
Brayton heat engine cycle.
4.3 Effect of Economic Parameters
The effect of economic parameters (k1 and k2) on the
maximum objective function of an irreversible regenerative
modified Brayton heat engine cycle is shown in Fig. 2.
We can see from the figure that the maximum objective
function decreases as the economic parameters increase
but the effect of k2 is more pronounced than that of k1.
We also see from the figure that the effect of k1 on the
objective function is very small.
Figure 2. Objective function vs economic parameters.
4.4 Effect of Effectiveness
Figs. 3(a–c) show the effects of the hot-, cold-, and re-
generative side effectiveness on the maximum objective
function, the corresponding power output, and the thermal
efficiency of an irreversible regenerative modified Brayton
heat engine. From these figures we note that the max-
imum objective function first increases, attains its max-
imum, and then decreases, and the corresponding power
output and thermal efficiency increase as the effectiveness
on isothermal-, sink-, and regenerative-side (εH1, εL, and
εR) heat exchanger increase. On the other hand, all the
parameters decrease as the effectiveness on isobaric-side
(εH) heat exchanger increases. We also note that the effect
of isothermal-side (εH1) effectiveness is more pronounced
on all the performance parameters, that is, the maximum
Figure 3(a). Objective function vs effectiveness.
Figure 3(b). Power output vs effectiveness.
Figure 3(c). Thermal efficiency vs effectiveness.
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objective function and the corresponding power output
and thermal efficiency, than that of the other side effec-
tivenesses of an irreversible regenerative modified Brayton
heat engine cycle for the same operating conditions.
4.5 Effect of Heat Capacitance Rates
The effects of different side heat capacitance rates on the
maximum objective function, the corresponding power out-
put, and the thermal efficiency are shown in Figs. 4(a–c).
From these figures we see that the maximum objective
function, corresponding power output, and thermal effi-
ciency increase as the heat capacitance rates on isothermal-
and cold-side reservoir (CH1 and CL) increase, and all the
parameters (maximum objective function, corresponding
power output, and thermal efficiency) decrease as the heat
capacitance rate on the isobaric-side and within the heat
engine (CH and CW) increase. Also, we see that the
effects of isothermal-side heat capacitance rate are more
pronounced on all the performance parameters than that
of the other side heat capacitance rates.
Figure 4(a). Objective function vs heat capacitance rates.
Figure 4(b). Power output vs heat capacitance rates.
Figure 4(c). Thermal efficiency vs heat capacitance rates.
5. Conclusion
A more realistic regenerative modified Brayton heat engine
cycle model including external and internal irreversibilities
for the finite heat capacities of external reservoirs has
been studied in detail. The thermoeconomic function is
adopted as an objective function for maximization. The
objective function is maximized with respect to the cycle
temperatures, and the corresponding power output and
thermal efficiency are calculated for different operating
conditions. The maximum thermoeconomic function is
found to be the increasing function of the isothermal-
and cold-side heat capacitance rates and compressor and
turbine efficiencies, whereas it is found to be the decreasing
function of the heat capacitance rates on isobaric-side
reservoir and working fluid and the economic parameters
(k1 and k2). On the other hand, we found that there are
optimal values of the various effectiveness at which the
maximum objective function attains its maximum for a
typical set of operating conditions. We also saw that the
effects of compressor efficiency on the maximum objective
function as well as for the corresponding power output
and thermal efficiency are more pronounced than those of
the turbine efficiency, and that the effects of isothermal-
side heat capacitance rate and effectiveness on the optimal
performance are more pronounced than that of the other
parameters for the same operating conditions. The heat
capacitance rates (CH, CH1, CL, and CW) also play an
important role in the optimal performance of this cycle.
We found that for better performance they are bounded as
CH1>CL>CW>CH. The results obtained here are useful
to understand the deviation of the actual performance
from the ideal performance due to various irreversibilities
associated with a real Brayton cycle, and can be used for
other similar cycles for a typical set of operating conditions.
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